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The lateral response of three-trailer commercial vehicles has been assessed using 
the simulation package TruckSim®.  Aerodynamic and mechanical characterizations for 
the vehicle were developed for this investigation. Simulations were carried out with 
various aerodynamic and load configurations with several different arbitrarily defined 
crosswinds. The aerodynamic configurations were tested in constant and random 
crosswinds. The load configurations were tested only in random crosswinds. Each 
aerodynamic configuration differed by the aerodynamic side-force coefficient for the 
trailers. Each load configuration consisted of reducing the payload in a single trailer.  The 
tractor was identically defined for each load and aerodynamic configuration.  
Increasing the aerodynamic side-force coefficient for trailer 1 decreased the 
lateral displacement of the vehicle. Decreasing the aerodynamic side-force coefficient of 
trailer 1 increased the lateral displacement of the vehicle. This was observed for both 
constant and random crosswinds.  Increasing or decreasing the aerodynamic side-force 
coefficient of trailers 2 and 3 increases or decreases (respectively) the relative 
displacement of each trailer to its preceding unit. Reducing the payload for trailer 1 by 
50% (while leaving the remaining trailers fully loaded) dramatically reduced the lane 
displacement. Reducing the payload by 50% in trailers 2 and 3 resulted in performance 
nearly identical to that of a fully loaded vehicle. Driver workload was assessed from 
random crosswind simulations in the categories of mental effort, physical effort and path 
error. The vehicle, as expected, became more difficult to drive with increased average 
wind speed. Configurations exhibiting smaller lane displacements usually resulted in 
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CHAPTER ONE  
INTRODUCTION 
Motivation for Multiple Trailer Heavy Truck Dynamics Analysis  
Larger trucks move more freight with less fuel (EPA SmartWay, 2009). One 
method for increasing the freight capacity of a truck is to add more trailers. Trucks in 
combination with more than one trailer are referred to as Longer Combination Vehicles 
(LCV). The LCV is defined by the Federal Motor Carrier Safety Act as a combination of 
a tractor and two or more semitrailers that has a gross weight of 80,000 lb (355.8 kN) or 
greater. This investigation concerns LCVs with three trailers in a combination composed 
of a tractor-semitrailer with two full trailers attached. This type of trailer is legally used in 
nine states and permitted by turnpike authority in four additional states. Figure 2-1 shows 




Figure 1-1. States that allow LCV usage by type of LCV (Adams et al., 2012b) 
Studies have suggested that increasing the number of LCVs in use improves the 
efficiency of highway freight transportation. The US Department of Transportation 
(USDOT) has reported that harmonizing the weight and dimension regulations restricting 
the use of LCVs in western states (where LCV regulation varies from state to state), 
would reduce the VMT (vehicle total miles traveled) by 25% (USDOT, 2004). Table 1-1 
shows the two cases in the USDOT study. The base case assumes current regulation. The 
scenario case assumes that all current LCVs would be allowed in the Western states with 




Table 1-1. Comparison of 2010 VMT forecast with or without western LCV regulation 
uniformity (USDOT, 2004) 








5-axle Tractor Semitrailer 14,476 3,442 -76% 
6-axle Tractor Semitrailer 1,924 938 -51% 
5- or 6-axle Double 1,351 750 -44% 
6-axle Truck Trailer 626 607 -3% 
7-axle Double 188 2,190 +1,065% 
8 or more axle Double 213 5,626 +2,541% 
Triples 45 473 +951% 
Total 18,823 14,028 -25% 
 
The USDOT study also predicted a 12% reduction in energy consumption and 
emissions, along with a 10% reduction in noise abatement related costs. The study also 
predicted a reduction in shipping cost by $2 billion dollars per year (reported in year 
2000 dollars) though infrastructure improvements could cost between $300 million and 
$2 billion dollars (USDOT, 2004). It is important to note that this study was released in 
2004, dating its parameters and assumptions. For reference, the Federal Highway 
Administration (FHWA) predicts a 91.4% increase in freight between 2002 and 2035 
(Caldwell & Sedor, 2002). FHWA also reported an increase in fuel prices from $1.83 per 
gallon in January 2000, to $3.85 in January of 2012 (reported in year 2012 dollars). The 
region for the proposed scenario includes five of the 10 windiest places in the U.S. as 
reported by the National Oceanic and Atmospheric Administration (Extremes in U.S. 
climate.). Table 1-2 lists the 10 windiest places in the US. Locations relevant to this 





Table 1-2. Ten windiest locations in the US with five relevant locations underlined  
(Extremes in U.S. climate.) 
Weather Station Name Mean Wind Speed (km/h) 
Mount Washington, NH 21.9 
Blue Hill, MA 9.4 
Dodge City, KS 8.6 
Amarillo, TX 8.4 
Cheyenne, WY 8.0 
Rochester, MN 7.9 
Caser, WY 7.9 
Goodlands, KS 7.8 
Great Falls, MT 7.8 
Boston, MA 7.7 
 
Two dynamic concerns affect the operation of the LCV: off-tracking and rearward 
amplification (Pape et al., 2011).  Off-tracking is the relative displacement of the trailing 
unit. For example, in a right-hand turn trailers travel a path that is inside the tractors path  
(further to the right).  This limits turning capability of long vehicles in the confines of 
obstacles such as signs or sidewalks.  Rearward amplification is where trailers further 
rearward in the combination demonstrate larger dynamic response to input than those 
closer to the tractor. This is recognized as analogous to cracking a whip, where a small 
hand input results in a large motion at the end of the whip. 
 These phenomena are generally studied as responses to road or steering input. 
The windy nature of the primary region of LCV operation begs that these phenomena be 
studied from the perspective of wind inputs applied to the vehicle. 
The size of the LCV makes creating real-life test environments difficult. Testing the LCV 
responses to naturally occurring wind can be challenging, as well, due to unpredictable 
magnitude and direction. Quantifying wind direction and magnitude in a real-world test 
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environment is also difficult. The wind disturbance caused by the vehicle distorts any 
measurement of the environment surrounding the vehicle. 
Current vehicle simulation programs such as TruckSim®, which was used for this 
investigation, include aerodynamic force and moment characterization for vehicle 
models. A detailed vehicle model with both mechanical and aerodynamic definition will 
allow the study of dynamic vehicle response to specific controlled aerodynamic inputs.  
Review of Prior LCV Lateral Aerodynamic Research 
The author has been able to locate little research in LCV crosswind dynamics. 
Crosswind sensitivity for passenger cars has been studied extensively using wind test 
facilities and dynamics modeling (Hucho & Sovran, 1993; MacAdam, Sayers, Pointer, & 
Gleason, 1990). Vehicle reaction to steady aerodynamic forces, unsteady aerodynamic 
forces and vehicle system interactions has been studied for a variety of vehicles including 
trains, cars, and single unit van trucks (Baker, 1991a; Baker, 1991b; Baker, 1991c). High-
sided articulated trucks and rail vehicles have been tested using scale models in wind 
tunnels to assess the forces experienced while exposed to turbulent air flow during a 
bridge crossing (Bettle, Holloway, & Venart, 2003; Humphreys, 1995). Lateral 
aerodynamic response of heavy articulated vehicles (conventional tractor-trailer 
combinations) have been studied under specific operational conditions and related 
accident events, namely rollover on off-ramps (Wilson & Hildebrand, 2007). Researchers 
performed wind tunnel tests on moving scale models of trains and high sided trucks 
(Humphreys, 1995). However, the bulk of heavy commercial vehicle research is 





In this investigation, several simulation based tests and analysis procedures will 
be developed to assess the sub-limit lateral response dynamics of an LCV when operated 
in a windy environment. The goal of this project is to develop simulation and analysis 
techniques to positively affect design, operational and regulatory parameters of the triple 




CHAPTER TWO  
METHOD OF INVESTIGATION 
Vehicle Model 
A three-trailer heavy vehicle model was developed in TruckSim® for the 
investigation of lateral dynamic response under randomly windy operating conditions. 
Certain model parameters were compiled from the kinematics and compliance data of a 
test performed at Michelin Americas Research Center for a previous project (Arant, 
2010). The TruckSim® triple-trailer solvers were specially developed for LCV research 
conducted by the NTRCI Vehicle Stability and Dynamics program (Pape et al., 2011).  
The Composition of a Three-Trailer Commercial Vehicle 
The vehicle model configuration used for this work consists  of a two-axle day 
cab tractor connected to a train of three 28-ft single-axle trailers. The tractor and first 
trailer are connected in a typical tractor-trailer combination with the nose of the trailer 
supported and pinned to the tractor frame using a fifth-wheel connection. The second 
trailer is connected to the first by a converter dolly with a pintle hitch consisting of two 
perpendicular interlocking rings similar to a necklace clasp. The converter dolly is 
essentially a short single-axle trailer with a fifth-wheel connection that supports the nose 
of the second trailer. Figure 2-1 shows a typical converter dolly. The third trailer attaches 
to the second trailer in the same manner. All three trailers are assumed to be identical in 






Figure 2-1. Typical converter dolly 
Kinematics and Compliances 
The kinematics and compliance definition for the tractor model was assembled 
from portions of a full characterization of a 2008 Volvo VT830 tractor. This 
characterization was completed by Michelin Americas Research Center (MARC) for 
ORNL’s NTRCI U02: Heavy Truck Rollover Characterization Phase-A Final Report 
(Pape et al., 2009). Details of this characterization are covered by a non-disclosure 
agreement between MARC, NTRCI and Clemson and cannot be included in this 
document. Essentially, the Volvo steer and drive axle characteristics were transferred to 
the standard two-axle day cab model that came packaged with TruckSim®. This was 
based on the assumption that a majority of the components used to construct a 3-axle 
over the road sleeper tractor can also be used to construct a heavy duty 2-axle day cab 
tractor. It was thought that this assumption would increase the fidelity of the model. The 
tractor mass properties used were supplied with the standard TruckSim® model. 
The trailer kinematic, compliance, length and mass properties were defined in the 
standard 28-ft TruckSim® trailer model. The dollies are also standard TruckSim® 
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models. The force and moment characterization for the tire models were also provided by 
MARC for the NTRCI VSD U32 project (Pape et al., 2011). This data is also covered by 
a non-disclosure agreement, and as such, details cannot be included in this document. The 
payload mass and location within the trailer are standard with the TruckSim® package. 
Detailed model documentation can be found in Error! Reference source not found.. 
TruckSim® Model Implementation 
TruckSim® provides models for the definition of lift, drag and side-force, as well 
as roll, pitch and yaw moment. See Figure 2-2. Currently, TruckSim® has no provisions 























TruckSim® Axis System 
 
The TruckSim® axis systems follow ISO standard and are right-handed with 
positive Z pointing upward opposing gravity. There are three axis systems used by 
TruckSim® to describe the vehicle motion and attitude, the earth-fixed axis system (XE, 
YE, ZE), the intermediate axis system (X, Y, Z), and the vehicle axis system (XV, YV, ZV). 
The intermediate coordinate system is related to the earth-fixed coordinate system by 
rotation about the ZE axis. The angle of rotation about the ZE axis is the vehicle heading 
angle. The intermediate axis system is related to the vehicle axis system by roll about the 
X axis and pitch about the Y axis. Figure 2-3. shows the three TruckSim® axis systems 
on which the coordinate systems are based.  
 
 
Figure 2-3. TruckSim® axis system (Mechanical Simulation Corporation, 2010) 
Aerodynamic Slip Angle and Relative Wind Velocity 
The TruckSim® model used for this research varies the aerodynamic force or 
moment on the vehicle as a function of relative wind velocity and aerodynamic slip 
angle. TruckSim® calculates the aerodynamic slip angle from the vector components of 
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the wind acting on the vehicle. Figure 2-4 shows the earth and vehicular coordinate 
system with the relevant velocities necessary to calculate the aerodynamic slip angle. The 
vehicle encounters a wind equal in magnitude to its velocity but opposite in direction, -
VV.  Vwind, is the movement of the air in the simulated environment relative to ground.  
Vrel, the wind velocity relative to the vehicle, is the resultant vector from the addition of -
VV and Vwind. For this study, Vwind is always perpendicular  to the intended path of the 
vehicle from right to left (from the passenger side toward the driver side). The intended 
path of the vehicle is in the positive XE direction. The coordinate system is centered on 
the aerodynamic reference point, Pref.  This is the point around which the aerodynamic 
moments are defined. By SAE convention this point is on the ground plane on the 
longitudinal center line, at midway between the axles. Figure 2-4 shows that a positive 
slip angle is generated by the forward motion of the vehicle and a cross wind from left to 
right, dependent upon wind and vehicle speed, this slip angle will be between 0° and 




For this study, the crosswind was applied to the vehicle at an angle of 90° from its 
intended path. With the forward motion of the vehicle, the resulting aerodynamic slip 
angle will be between 0° and -90˚.   
TruckSim® Aerodynamic Model 
TruckSim® implements the following equations to model aerodynamic forces and 
moments (Mechanical Simulation Corporation, 2010). These equations are used to 
estimate the aerodynamic forces and moments from the non-dimensional coefficients of 
force or moment (as a function of slip angle ß), a reference area, reference length and 
dynamic pressure. 














               (2) 
              (3) 
                  (4) 
                   (5) 
                   (6) 
Where: 
 Q is dynamic pressure ½ρVrel
2
 
 Af is reference area of the vehicle (frontal area) 
 β is the aerodynamic slip angle 
 Lref is the reference length of the vehicle 
 CM{x,y,z}(β) are coefficients of moment varying with slip angle β 
 CF{x,y,z}(β) are coefficients of force varying with slip angle β  
 F{X,Y,Z} are the forces in the XV, YV and ZV directions  
 M{X,Y,Z} are the moments about XV, YV and ZV axes 
Aerodynamic Model 
This section covers the development of the aerodynamic model used for this 
investigation.  First, assumptions were made regarding the nature of the vehicle and 
complexity of the model.  Then, the aerodynamic nature of the vehicle was estimated 
from the characteristics of simplified shapes and rough dimensions of the vehicle. Next, 
the models were formulated for particular characteristics of the TruckSim® environment. 




Vehicle Model Assumptions 
The aerodynamic models were developed analytically beginning with the 
following assumptions: 
1. The vehicle bodies are rectangular in shape therefore the aerodynamic 
behavior is similar to that of rectangular prisms. 
2. Moment generation about the aerodynamic reference point, Pref, is due to 
aerodynamic side-force generated at the center of pressure some distance 
(moment arm) from Pref. Any moment generated by the characteristic of the 
shape placed in the airflow is neglected. 
3. The trailers are symmetrical left to right and front to rear, so the 
aerodynamic response is primarily due to side-force and roll moment 
generation. The side-force is generated at the center of pressure located at 
the midpoint of the trailer, Pref. The moment arm is zero, so no yaw 
moment is generated. 
4. The shape of the tractor is symmetrical left to right but not front to rear, so 
the aerodynamic behavior is primarily due to the generation of side-force, 
roll moment and yaw moment (due to the front-to-rear asymmetry). 
5. The aerodynamic lift forces and pitch moments are small in comparison to 
static and dynamic loads acting in the vertical direction, and are ignored for 
both tractor and trailers. 
6. Change in longitudinal drag has little effect on the lateral response so drag 
will be modeled with coefficients without slip angle sensitivity.  
7. Forces and moments due to aerodynamic interactions between the bodies of 
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the vehicle are small enough to be negligible. 
8. The aerodynamic force and moment sensitivities to roll, pitch, heave and 
their interactions are small enough to be negligible. 
Estimating  Aerodynamic Forces and Moments    
Typically the coefficients of force needed to populate the TruckSim® 
aerodynamic model would be fit from wind-tunnel data or computational flow dynamics 
(CFD) simulations.  Neither of these resources was available for this work.  Force and 
moment functions of vehicle speed and aerodynamic slip angle were developed to 
estimate the lateral forces and moments based on a shape-based coefficient of pressure 





Figure 2-5. Prismatic representation of the tractor body for lateral 







In Figure 2-5, the shape assumed for the tractor body is represented by the green 
prismatic shape.  The red arrows are the relative wind velocity, Vrel.  The aerodynamic 
side-force on the tractor is given by equation (7). 
       
 
 
     
                
(7) 
Tractor Yaw Moment 
The tractor yaw moment expressed in equation (8) is the product of the side-force 
at the center of pressure and the  distance Lcp from the aerodynamic reference point. See 
Figure 2-6.  
       
 
 
     






Figure 2-6. Prismatic representation of the tractor body for yaw moment 











Tractor Roll Moment 
As shown in Figure 2-7, the tractor roll moment, equation (9), is the product of 
the lateral force at the center of pressure times the distance Hcp above the aerodynamic 
reference point. 
       
 
 
     




Trailer Lateral Force 
In Figure 2-8, the shape assumed for the trailer body is represented by the green 
prismatic shape.  The red arrows are the relative wind with velocity Vrel. The lateral  
aerodynamic force imparted on the tractor is given by equation (10). 
       
 
 
     
                  
(10) 
Figure 2-7. Prismatic representation of the tractor body for roll moment 











Trailer Roll Moment 
As shown in Figure 2-9, the trailer roll moment, equation (11), is the product of 
the lateral force at the center of pressure times the distance Hcpt above the aerodynamic 
reference point. 
 
       
 
 
     
                      
(11) 
Figure 2-8. Prismatic representation of the trailer body for aerodynamic roll 







Coefficient of Side-force as a Function of Slip Angle 
In Equations (7) though (11) the coefficient Cy must be modified to accommodate 
sensitivity to aerodynamic slip angle.  In prior research (Baker, 1991a), the Cy of a 
vehicle can be modified to account for various angles of attack or sideslip angles by 
multiplying it by the square of the ratio of crosswind velocity, Vwind, to the wind velocity 
due to vehicle motion, VV. 
                 
     




By keeping the crosswind perpendicular to the vehicle path, the ratio can be stated 
as:  
                 
   (13) 
where β is the aerodynamic slip angle (Baker, 1991a).  Baker supports this with 
experimental data obtained from a high speed train wind tunnel test. See Figure 2-10. 
Figure 2-9. Prismatic representation of the trailer body for aerodynamic roll 








Baker uses CS for the coefficient of side-force and ψ for aerodynamic slip 
angle.  
Since sin(β) is squared, Cy(β) will not reverse force or moment estimates 
regardless wind direction (sign of β). This requires piece-wise definition to ensure that 
the resulting forces and moments agree with wind direction. This is accomplished by 
changing the sign about zero degrees aerodynamic slip.  
Equation (16) is equation (7) modified to consider slip angle and piecewise 
defined to provide the proper direction aerodynamic force regardless of relative wind 
direction. It is defined such that a positive slip angle (crosswind from left to right with 
forward motion of the vehicle) generates a negative lateral force (directed to the right) 
and a negative slip angle (crosswind from left to right with forward motion of the 
vehicle) generates a positive force (directed to the left). 
 
Figure 2-10. Comparison of experimental side-force coefficient to estimate 
with sensitivity to aerodynamic slip angle (Baker, 1991a) 
 
--   Estimate 
●    Experimental 
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  (16) 
Equation (17) is equation (8) modified to consider slip angle and piecewise 
defined to provide the proper yaw moment direction. Equation (17) is split about 0° slip 
angle so that a negative slip angle (crosswind from right to left with forward motion of 
the vehicle) produces a positive yaw angle.  




     
           
                                
 
 
     
          
                    
  (17) 
Equation (18) is the roll moment equation (9) modified for slip angle dependency.  
A negative slip angle results in a negative roll moment. 
           
 
 
     
           




     
          
                    
  (18) 
Equation (19) is for the lateral aerodynamic force for the trailer. It is formulated 
similarly to the lateral force for the tractor differing in lateral area and side-force 
coefficient. 




     
          
                            
 
 
     
          
                                 
  (19) 
Equation (20) is for the roll moment of the trailer.  It is similar to the roll moment 
for the tractor differing in lateral area, coefficient of drag and center of pressure height. 
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  (20) 
 
Coefficient of Lateral Force for the Tractor 
The lateral force model for the tractor, equation (16) is set equal to the 
TruckSim® model for aerodynamic lateral force, equation (2).  




     
          
                 
 
 
     
          
                  
  (21) 
Where (for all tractor force and moment models): 
               
and   
 
 
     
 . 
Equation (21) is solved for CFytrct. The resulting lateral force coefficient function is: 
            
 
 
          
     
    
      
      
          
     
    
      
      
  (22) 
Tractor Yaw Moment Coefficient 
For equation (23), the tractor yaw moment model, equation (17) is set equal to the 
TruckSim® model for aerodynamic yaw moment, equation (4).  




     
           
                     
 
 
     
           
                    
  
(23) 









          
     
       
          
      
          
     
       
          
      
  
(24) 
Tractor Roll Moment Coefficient 
For equation 25, the tractor roll moment model, equation (18) is set equal to the 
TruckSim® model for aerodynamic roll moment, equation (4).  
                   
 
 
     
           




     
          
                     
  (25) 
Equation (26) is solved for CMxtrct. The tractor roll moment coefficient function is: 





          
     
       
          
      
          
     
       
          
      
  (26) 
Trailer Aerodynamic Model 
For equation (27) the trailer lateral force model, equation (19), is set equal to the 
TruckSim® model for aerodynamic lateral force, equation (2).   




     
          
                   
 
 
     
          
                    
  (27) 
Where (for all trailer force and moment models): 
              
and   
 
 





Equation (28) is solved for CFytrlr. The trailer lateral force coefficient function is: 
            
 
 
          
     
     
     
      
          
     
     
     
      
  (28) 
For equation (29), the trailer roll moment model is set equal to the TruckSim® 
aerodynamic roll moment model, equation (4).  
                    
 
 
     
           




     
           
              
  
(29) 
Equation (30) is solved for CMxtrlr. The trailer roll moment coefficient is: 





          
     
         
          
      
          
     
         
          
      
  (30) 
The Coefficient of Drag for Prismatic Bodies 
The previously discussed aerodynamic force and moment models require a shape-
based coefficient of drag to estimate the lateral force. The coefficient of drag, CD, was 
measured in prior work using wind tunnel tests (Hoerner, 1965). As this refers to lateral 
or side-forces on the tractor and trailers in the current application, we will use Cy with 
appropriate distinction for tractor and trailers. Assumption 1 states that the vehicle bodies 




Figure 2-11. Pressure drag related to shape (Hoerner, 1965) 
In Figure 2-11, CD is plotted against the ratio of rectangle height-to-width. This is 
the cross-sectional area of the vehicle body not the lateral area defined previously. The 
trailer body height and width are 3,115 and 2,591 mm respectively. The ratio of width to 
height, c/t, is 0.83. The tractor body height and width are 4,115 mm and 2,591 mm 
respectively giving a c/t ratio of 0.63. The trailer width to height ratio suggests that the Cy 
= 2.0, would accurately account for the shape of the vehicle bodies. 
Modifications to the trailer aerodynamic model via CD were made to represent the 
addition of fillets to the top and bottom longitudinal edges of the trailer body. This 
reduces coefficient of drag (Hoerner, 1965). Figure 2-12 shows CD for rectangular bluff 




Figure 2-12. Effect of corner radii on pressure drag coefficient (Hoerner, 1965) 
In Figure 2-12, the X-Axis is graduated by a ratio of radius to height, r/h. A ratio 
of 0.1 gives a CD of approximately 1.75. A ratio of 0.11 gives a CD of approximately 
1.50. This is a 2-D cross section representative of the vehicle body with fillets on the top 
and bottom sides. The corner radii of the trailer with these r/h values are 304.8 and 335.3 
mm, respectively, are thought to be reasonable to implement in trailer design. Cy values 
of 1.75 and 1.50 will be used for this investigation. A Cy value defined for an 
aerodynamic characterization of a unit in the vehicle is used in every force and moment 
coefficient function for that unit. 
Longitudinal Drag Coefficients 
Commercial vehicle drag coefficients, CD, range from 0.64 to 1.1 (Wong, 2001). 
For the aerodynamic definitions used in this investigation, the drag coefficients do not 
vary with aerodynamic slip. It is assumed that the tractor is responsible for the majority 
of this force since it has the largest surface area exposed to direct relative wind. Trailer 3 
is assumed second in drag resistance contribution due to the large negative pressure wake 
that forms behind the rear surface. It is assumed that trailers 1 and 2 share equal drag 
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contributions, both due to surface friction and complex air movement in the gaps between 
the units and under the chassis. The tractor is assigned a CD of 0.4, trailers 1 & 2 are 
assigned a CD of 0.1, and trailer 3 is assigned a CD of 0.2. Table 2-1 contains the 
reference area and CD for the units of the vehicle. The CD for the total vehicle normalized 
about the tractor reference area, is 0.703. Plots of the coefficients of force and moment 
can be found in Error! Reference source not found. along with validation plots. These 
coefficients are used in equation 2 without sensitivity to aerodynamic slip angle. 
Table 2-1. Drag coefficients by unit with reference area 





Tractor 0.400 10.66 0.400 
Trailer 1 0.100 8.07 0.076 
Trailer 2 0.100 8.07 0.076 
Trailer 3 0.200 8.07 0.151 
Total Vehicle Drag Coefficient 0.703 
Vehicle Aerodynamic Configurations 
The aerodynamic configurations tested for this investigation are made by 
changing the Cy of the various units that make up the vehicle.  The tractor aerodynamic 
characteristics are held constant for each configuration. For every force and moment 
coefficient function defined for the tractor, Cytrct = 2.00.  Cytrlr varies per configuration.  
The configurations are named for the combination of Cytrlr used to characterize the 
vehicle. 
Configuration Cy=2.00 
This configuration consists of Cytrct=2.00 and Cytrlr=2.00 for all three trailers. 
Configuration Cy=1.75 




This configuration consists of Cytrct=2.00 and Cytrlr=1.50 for all three trailers. 
Configuration Cy=2.00, 1.50, 1.50 
This configuration consists of Cytrct=2.00. Cytrlr=2.00 for trailer 1, Cytrlr=1.50 for trailer 2 
and Cytrlr=1.50 for trailer 3. 
Environmental Simulation 
Three different wind velocity profiles were modeled for the simulation 
environment: constant wind, random wind and swept-sine wind. The random wind profile 
was developed from an empirically derived velocity spectrum. The spectrum was 
developed by analyzing the velocity content of wind speed measurements from several 
weather stations (Davenport, 1961). The Jet-Propulsion Laboratories (JPL) developed a 
filter based on this spectrum for use in development and analysis of control systems for a 
large radio telescope antenna (Gawronski, 2004). This is detailed in Error! Reference 
source not found..  All other wind signals were generated in Matlab or Simulink. 
For all wind simulations, wind velocity is not applied during the first portion of 
the simulation. The simulation is allowed to run for 10 seconds to attenuate start-up 
transients before the wind velocity is ramped to full magnitude. 
Simulation Maneuvers  
Two different test maneuvers were utilized: straight driving and double-lane 
change. The straight driving maneuver was used with the constant, random and swept-
sine wind profiles. The TruckSim® driver model was tuned in an attempt to better 
represent a human driver, and used for simulations in the constant wind and random wind 
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environments. The driver model was employed for these simulations in order to estimate 
the response of the vehicle in operation. 
The driver model parameters available to the modeler are preview time and 
response lag. Response lag for a single-choice decision is reported to be 0.20 seconds 
(Olson, 1989). The preview time was determined by running a series of double-lane 
change simulations at a vehicle speed of 88 km/h. The preview time for the first 
simulation was set to 2.0 seconds and incremented at 0.1 seconds for each additional 
simulation. Lane change performed with 2.0 and 2.1 seconds previews resulted in 
rollover. The most successful lane change was performed with a preview time of 2.5 
seconds. It is notable that no lane change was completed entirely within the confines of 
the lane change course. The success was defined as missing the first obstacle and 
minimizing the overshoot distance upon returning to the travel lane. The lane change 
course was predefined in TruckSim®. Details of the driver model tuning, including plots 




CHAPTER THREE  
RESULTS AND DISSCUSION 
Steady Wind Simulation 
The steady wind simulation was performed to assess the attitude of the model at 
equilibrium. Analyzing the forces and moments of the vehicle at equilibrium provided 
insight into the interactions between the units without the potentially obscuring dynamic 
response excited by a changing wind. The goal of this test is to provide relationships 
between units of the vehicle that can be carried on to the dynamic wind response analysis. 




All are three-trailer vehicles with a full payload. 
Establishing Constant Wind Simulation 
The maximum crosswind speed to be used for test conditions was determined by 
finding the crosswind speed necessary to induce wheel lift. The axles will be identified 
throughout this document by their count from the front of the vehicle.  Figure 3-1 shows 





This crosswind speed was determined by running a simulation of an LCV 
traveling at 88 km/h while subjected to a ramp crosswind from 0 km/h to 150 km/h. 
Rollover is imminent when the vertical wheel load reaches 0 N for any wheel on the 














Figure 3-2. Right wheel vertical load versus 
wind speed for various configurations,  
vehicle speed: 88 km/h (55 mph) 
Right Tire Vertical Loads versus Crosswind Velocity, 0 to 150 km/h ramp wind, vehicle speed: 
88 km/h (55 mph) 
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Table 3-1 lists the crosswind velocities resulting in wheel lift. Based on the 
maximum cross wind velocity reached for each configuration, the test span was 
established to be from 20 km/h to 80 km/h. This ensured that the lane displacements 
observed were not due to an impending rollover event. The simulations were conducted 
with crosswind increments of 10 km/h. 
Table 3-1. Crosswind velocity for wheel lift-off, 0 to 150 km/h ramp wind, vehicle speed 
88 km/h (55 mph) 
Configuration First Lifted Axle Crosswind Speed (km/h) 
Cy = 2.00 Axle 4 105.1 
Cy = 1.75 Axle 4 113.4 
Cy = 1.50 Axle 4 122.5 
Lane Displacement Response – Constant Wind 
Each simulation was started with the vehicle at the test speed of 88 km/h. After 20 
seconds, the wind was applied from right to left (in the positive YE direction) with a ramp 
profile, reaching full crosswind velocity at 40 seconds. Figure 3-3 shows the direction of 
crosswind application.  
 




The steady crosswind data showed that the lane displacement increased with 
crosswind for all configurations. However, configurations Cy = 1.75 and Cy = 1.50 
showed larger displacements versus crosswind velocity than the Cy = 2.00 configuration. 
Decreasing the lateral Cy of the trailer increases the lane displacement of the vehicle. 
Table 3-2 contains equilibrium displacement values for each tested configuration for 
several crosswind velocities. 
 
Table 3-2. Equilibrium lateral displacement for several crosswind speeds, vehicle speed 
88 km/h (55 mph) 
Equilibrium Lateral Displacement 
Crosswind 
Speed 
20 km/h 40 km/h 60 km/h 80 km/h 
Tractor Displacement (cm) 
Cy = 2.00 3.1 13.0 28.8 51.9 
Cy = 1.75 3.6 14.7 33.2 59.2 
Cy = 1.50 4.0 16.0 36.9 65.5 
Trailer 1 Displacement (cm) 
Cy = 2.00 3.7 15.9 34.7 62.1 
Cy = 1.75 4.1 17.3 38.4 68.1 
Cy = 1.50 4.4 18.0 41.5 73.3 
Trailer 2 Displacement (cm) 
Cy = 2.00 4.6 18.8 41.2 73.6 
Cy = 1.75 4.9 19.8 43.9 77.9 
Cy = 1.50 5.1 20.4 46.2 81.6 
Trailer 3 Displacement (cm) 
Cy = 2.00 5.4 21.9 48.2 86.3 
Cy = 1.75 5.5 22.4 49.9 88.7 
Cy = 1.50 5.7 22.6 51.3 90.9 
 
Trailer location within the vehicle affected the sensitivity to changes in lateral Cy. 
Trailers closer to the tractor were more sensitive to changes in lateral Cy. However 
reducing the lateral Cy did reduced the lateral displacement of any trailer relative to the 
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unit preceding it (off-tracking). Table 3-3 contains off-tracking values for all 
configurations tested at several crosswind velocities.  
 




20 km/h 40 km/h 60 km/h 80 km/h 
Trailer 1 Off-tracking (cm) 
Cy = 2.00 0.6 2.9 5.9 10.2 
Cy = 1.75 0.5 2.6 5.2 8.9 
Cy = 1.50 0.5 2.0 4.6 7.8 
Trailer 2 Off-tracking (cm) 
Cy = 2.00 1.5 5.8 12.4 21.7 
Cy = 1.75 1.3 5.1 10.7 18.7 
Cy = 1.50 1.1 4.3 9.3 16.1 
Trailer 3 Off-tracking (cm) 
Cy = 2.00 2.3 8.9 19.4 34.4 
Cy = 1.75 2.0 7.7 16.7 29.5 
Cy = 1.50 1.7 6.6 14.4 25.4 
 
The typical lane displacement response is shown in Figure 3-4. The equilibrium 
values are averaged from data generated between 190 and 200 seconds simulation time. 
The lane center corresponds to 0 cm displacement.
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Figure 3-4. Lane displacement, 60 km/h steady crosswind simulation, vehicle speed 88 km/h (55 mph)   
 
Lane Displacement for Aerodynamic Configurations, 60 km/h Steady Crosswind,  vehicle speed: 88 km/h (55 mph) 
























Cy = 2.00, 60 km/h Crosswind 
Cy = 1.75, 60 km/h Crosswind 
 
Tractor  
Cy = 1.50, 60 km/h Crosswind 


























Cy = 2.00, 60 km/h Crosswind 
Cy = 1.75, 60 km/h Crosswind 
Cy = 1.50, 60 km/h Crosswind 


























Cy = 2.00, 60 km/h Crosswind 
Cy = 1.75, 60 km/h Crosswind 
Cy = 1.50, 60 km/h Crosswind 

























Cy = 2.00, 60 km/h Crosswind 
Cy = 1.75, 60 km/h Crosswind 
Cy = 1.50, 60 km/h Crosswind 
Trailer 3  
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Steady Crosswind Yaw Response 
The yaw attitude of the vehicle under the steady crosswind results in slip angles of 
the non-steered tires, resulting in lateral force generation counter to the wind-force input. 
Each unit attained a very small negative yaw attitude.  Looking from the top of vehicle a 
negative yaw attitude is a clockwise deviation (See Figure 3-5). Figure 3-6 shows a 
typical yaw response. 
 
 
Figure 3-5. Clockwise (negative) Yaw Response (Mechanical Simulation 
Corporation, 2010) 
Clockwise (negative) Yaw  
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 Figure 3-6. Yaw response, 60 km/h steady crosswind,  vehicle speed: 88 km/h (55 mph) 
 





















LCV, Cy = 2.00, 60 km/h Wind 
LCV, Cy = 1.75, 60 km/h Wind 
LCV, Cy = 1.50, 60 km/h Wind 





















LCV, Cy = 2.00, 60 km/h Wind 
LCV, Cy = 1.75, 60 km/h Wind 
LCV, Cy = 1.50, 60 km/h Wind 





















LCV, Cy = 2.00, 60 km/h Wind 
LCV, Cy = 1.75, 60 km/h Wind 
LCV, Cy = 1.50, 60 km/h Wind 






















LCV, Cy = 2.00, 60 km/h Wind 
LCV, Cy = 1.75, 60 km/h Wind 
LCV, Cy = 1.50, 60 km/h Wind 




Increasing the trailer lateral Cy increases the magnitude of the yaw response. 
Table 3-4 shows the equilibrium yaw magnitude per unit for all tested configurations. 
Note that the yaw is only a fraction of a degree for all cases considered. 
Table 3-4. Equilibrium yaw response to various steady crosswind speeds for tested 
configurations, vehicle speed: 88 km/h (55 mph) 
Crosswind 
Speed 
20 km/h 40 km/h 60 km/h 80 km/h 
Tractor Yaw (deg) 
Cy = 2.00 -0.03 -0.19 -0.46 -0.86 
Cy = 1.75 -0.03 -0.16 -0.40 -0.74 
Cy = 1.50 -0.02 -0.14 -0.35 -0.65 
Trailer 1 Yaw (deg) 
Cy = 2.00 -0.05 -0.20 -0.45 -0.80 
Cy = 1.75 -0.05 -0.17 -0.39 -0.69 
Cy = 1.50 -0.04 -0.15 -0.33 -0.59 
Trailer 2 Yaw (deg) 
Cy = 2.00 -0.05 -0.20 -0.45 -0.79 
Cy = 1.75 -0.05 -0.17 -0.38 -0.68 
Cy = 1.50 -0.04 -0.15 -0.33 -0.58 
Trailer 3 Yaw (deg) 
Cy = 2.00 -0.05 -0.19 -0.42 -0.75 
Cy = 1.75 -0.04 -0.17 -0.36 -0.64 
Cy = 1.50 -0.04 -0.14 -0.31 -0.55 
 
For every configuration, the tractor yaw attitude opposes the aerodynamic yaw 
moment. Negative (clockwise) yaw attitude is attained at equilibrium even though the 
aerodynamic yaw moment generated is positive (counter clockwise) for all of the 
constant wind simulations. Figure 3-6 also shows that after the wind application all units 
exhibit negative (clockwise) yaw attitude for the duration of the test.  It is thought that the 
counter steering yaw moment steers the tractor into the wind during the wind ramp up 




force coefficients. Figure 3-7 shows the steering wheel angle for the 60 km/h simulation.  
For all three configurations the model commands negative steer angle (steering clockwise 
against the wind).  Increasing the Cy for the trailers decreases the amount that the driver 




The random wind simulation is designed to assess the vehicle response with a 
human driver to a dynamic wind profile. Both aerodynamic and load configurations were 
tested in the simulated random wind environment. The data presented in this section was 
obtained during a 200 second random wind simulation. The random wind signal was 
generated using the Davenport filter wind model documented in Error! Reference 
source not found.. Figure 3-8 shows a random crosswind velocity profile for a 60 km/h 
Figure 3-7. Steering wheel angle, 60 km/h Steady Crosswind, vehicle speed: 88 
km/h (55 mph) 
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average wind speed. As with the constant wind test there is a 20 second delay before the 
crosswind is ramped up to the average velocity. The ramp-up occurs over a 20 second 
period. The average crosswind velocity is achieved at 40 seconds at which time the 
random signal is applied to the vehicle. Data used for analysis was obtained from 
between 40 and 200 seconds simulation time. 
 
 
Figure 3-8. Random crosswind velocity profile with average speed of 60 km/h, vehicle 




































The aerodynamic configurations for this section consists of the three previously 
tested configurations with the addition of a combined aerodynamic configuration with 
Cy=2.00 for trailer 1 and Cy=1.50 for trailers 2 and 3. The load configurations are have 
Cy=2.00 for each trailer but each configuration has one trailer with loaded to 50% of the 





 Cy=2.00, 1.50, 1.50 
The maximum lane displacements recorded for the aerodynamic configurations 
are recorded in Table 3-5. The lateral displacements for the random wind simulations 
were similar to those observed for the steady wind tests. Reducing the trailer lateral Cy 
increased the lane displacement. The combined aerodynamic configuration marginally 
reduced the lateral displacements of the tractor and trailer 1, but had a significant effect 








Table 3-5. Maximum lateral displacement, random crosswind of various speeds,  vehicle 
speed: 88 km/h (55 mph) 
Maximum Lateral Displacement 
Crosswind Speed 20 km/h 40 km/h 60 km/h 80 km/h 
Tractor Lateral Displacement (cm) 
Cy = 2.00 4.5 19.1 41.9 81.9 
Cy = 1.75 5.2 21.5 47.9 90.5 
Cy = 1.50 5.7 23.6 53.1 97.9 
Cy = 2.00,1.50, 1.50 4.5 18.9 41.5 80.9 
Trailer 1 Lateral Displacement (cm) 
Cy = 2.00 5.5 22.8 49.8 95.5 
Cy = 1.75 6.0 24.8 54.7 102.1 
Cy = 1.50 6.4 26.5 59.0 107.9 
Cy = 2.00,1.50, 1.50 5.5 22.6 49.2 94.3 
Trailer 2 Lateral Displacement (cm) 
Cy = 2.00 6.6 26.7 58.4 110.4 
Cy = 1.75 6.8 28.0 61.9 114.8 
Cy = 1.50 7.1 29.2 65.1 119.0 
Cy = 2.00,1.50, 1.50 6.2 25.6 56.1 106.1 
Trailer 3 Lateral Displacement (cm) 
Cy = 2.00 7.5 30.6 67.4 127.2 
Cy = 1.75 7.7 31.4 69.7 130.3 
Cy = 1.50 7.9 32.4 72.3 132.7 
Cy = 2.00,1.50, 1.50 6.9 28.6 62.8 118.5 
 
Table 3-6 contains the root-mean-square(RMS) lateral accelerations for each unit 
tested at several crosswind average velocities. The lateral accelerations resulting from the 
20 km/h crosswind is too small to demonstrate any relationship and are included in the 
table for reference.  In general reducing the Cy reduces the lateral acceleration for all of 
the units of the vehicle. In most cases the Cy = 2.00,1.50, 1.50 configuration reduced the 
lateral acceleration even further.  Reducing the Cy reduces the forces applied by the 




Table 3-6. RMS Lateral Acceleration random crosswind of various speeds, aerodynamic 
configurations, vehicle speed: 88 km/h (55 mph)  
RMS Lateral Acceleration (m/s
2
), Random Crosswind, 
Aerodynamic Configurations 







 Tractor 0.004 0.028 0.083 0.158 
Trailer 1 0.004 0.083 0.264 0.506 
Trailer 2 0.005 0.186 0.728 0.796 







 Tractor 0.004 0.023 0.070 0.137 
Trailer 1 0.004 0.063 0.217 0.427 
Trailer 2 0.004 0.168 0.502 0.671 







 Tractor 0.003 0.019 0.060 0.119 
Trailer 1 0.004 0.045 0.178 0.361 
Trailer 2 0.004 0.117 0.411 0.548 
















Tractor 0.004 0.020 0.062 0.122 
Trailer 1 0.004 0.042 0.178 0.363 
Trailer 2 0.004 0.041 0.277 0.837 
Trailer 3 0.004 0.079 0.335 0.684 
 
Path Error and Driver Workload Metrics 
Quadratic cost functions were used to assess the path error and the driver 
workload required to attempt to maintain lane position in a random crosswind. The J1 
cost function (Equation 1) is referred to as the total quadratic cost.  It is the sum of the 
square of the path error (ye) for the entire simulation (Horiuchi & Yuhara, 2000). 















The physical workload on the driver was assessed with the J2 quadratic cost 
function (Equation 2). This metric is integral of the steer-angle-squared for the entire 
simulation (Horiuchi & Yuhara, 2000). 
     







The mental workload on the driver was assessed with the J3 cost function 
(Equation 3).  This metric is the integral of the steer angular velocity squared for the 
entire simulation (Oscarsson, July 2003). 
      







The cost functions are normalized by dividing the value obtained from the integral 
per simulation by the maximum value obtained for the simulations comprising the test. 











 Table 3-7. Normalized quadratic cost functions, various crosswind speeds, aerodynamic 
configurations,  vehicle speed: 88 km/h (55 mph) 
Quadratic Cost Functions, Simulation Max Norms 
 Crosswind Speeds 
 20 km/h 40 km/h 60 km/h 80 km/h 
Cy = 2.00 
J 1 0.606 0.633 0.608 0.632 
J 2 0.865 0.823 0.782 0.778 
J 3 0.997 1.000 1.000 1.000 
Cy = 1.75 
J 1 0.806 0.821 0.809 0.817 
J 2 0.936 0.915 0.897 0.893 
J 3 0.979 0.713 0.743 0.764 
Cy = 1.50 
J 1 1.000 1.000 1.000 1.000 
J 2 1.000 1.000 1.000 1.000 
J 3 0.974 0.530 0.569 0.597 
Cy = 2.00, 1.50, 1.50 
J 1 0.597 0.623 0.596 0.618 
J 2 0.860 0.816 0.774 0.768 
J 3 1.000 0.524 0.570 0.597 
 
The relationships among the workloads for all configurations changed between 20 
km/h and 40 km/h. It is thought that the differences between the configurations observed 
during the 20 km/h average crosswind may be too slight for this analysis. The following 
concerns 40 km/h crosswinds and above. 
The Cy=1.50  configuration had the largest values of path error (J1) and physical 
workload (J2) for all crosswind speeds, though the mental workload (J3) decreased for 
crosswind speeds of 40 km/h and greater.  The mental workload decreased similarly for 
the Cy=1.75, Cy=1.50 and Cy=2.00,1.50,1.50 configurations. However, the Cy=2.00 
configuration scored the highest in mental workload for all configurations.  
Also for crosswinds greater than 40 km/h, the similarity in mental workload 




characteristics of trailers 2 and/or 3 affect mental workload greater than do the 
characteristics of trailer 1.   For these crosswind speeds, the Cy=2.00,1.50,1.50 
configuration performed similar to the Cy=2.00 configuration for path error and physical 
workload, but similar to Cy=1.50 for mental workload while the Cy=1.75 configuration 
lies between the Cy=2.00 and the Cy=1.50 configurations for all cost functions. 
Figure 3-9 and Figure 3-10 are time histories of tractor displacement and yaw 
response from a 60 km/h average crosswind simulation. Truck speed is equal to 88 km/h 
(55 mph). Note that the yaw magnitudes are very small. 
 
Figure 3-9. Tractor displacements, aerodynamic configurations, 60 km/h average velocity 
random wind simulation,  vehicle speed: 88 km/h (55 mph) 









Tractor Displacement, aerodynamic configurations, 60 km/h  

















Cy = 2.00 
Cy = 1.75 
Cy = 1.50 




The similarity between the Cy=2.00, 1.50, 1.50 configuration and the Cy=2.00 
configuration is illustrated by Figure 3.9. The Cy=1.50 configuration is clearly the most 
active configuration while the  Cy=1.75 configuration lies in between. 
 
Figure 3-10. Tractor yaw for aerodynamic configurations, 60 km/h average velocity 
random crosswind simulation,  vehicle speed: 88 km/h (55 mph) 
Figure 3-10 shows the tractor yaw for the aerodynamic configurations. As with 
displacement, the yaw response for the Cy=2.00 configuration is nearly identical to the 
Cy=2.00, 1.50, 1.50 configuration. The yaw response for the Cy=1.75 and Cy=1.50 
configurations is lower in magnitude, respectively. The yaw response also exhibits the 
same relationships among configurations as found in the constant wind simulations. 
 











Tractor Yaw, various configurations, 60 km/h average 













Cy = 2.00 
Cy = 1.75 
Cy = 1.50 





Several load configurations were tested using the same simulation conditions used 
for the aerodynamic configurations. Each load configuration has a single trailer with the 
payload reduced by 50%, while the remaining trailers are fully loaded.  All load 
configurations had the same aerodynamic characterization, Cy=2.00.  
Load Configurations 
 50% Load Trailer 1; 100% Load Trailers 2 and 3 
 50% Load Trailer 2; 100% Load Trailers 1 and 3   
 50% Load Trailer 3; 100% Load Trailers 1 and 2 
 100% Load Trailers 1, 2 and 3 
Table 3-8 contains the values of maximum lateral displacement for various load 
configurations. The 50% Load Trailer 1 configuration showed the least lateral 
displacement of all of the configurations for each unit of the vehicle. The tractor 
displacement for this configuration for the 80 km/h average crosswind test was nearly 
half of the other configurations. Configurations with lighter loads in trailers 2 and 3 
performed similarly to the fully loaded configuration. 
Table 3-8. Maximum lateral displacement for various load configurations,  vehicle speed: 
88 km/h (55 mph) 
Maximum Lateral Displacement 
Crosswind Speed 20 km/h 40 km/h 60 km/h 80 km/h 
Tractor Lateral Displacement Max (cm) 
50% Load Trlr 1 2.7 11.4 24.6 43.0 
50% Load Trlr 2 4.5 18.9 41.5 81.5 
50% Load Trlr 3 4.5 18.8 41.2 80.7 
100% Load 4.5 19.1 41.9 81.9 
Trailer 1 Lateral Displacement Max (cm) 
50% Load Trlr 1 3.9 16.0 34.5 60.6 
50% Load Trlr 2 5.5 22.7 49.5 95.4 




100% Load 5.5 22.8 49.8 95.5 
Trailer 2 Lateral Displacement Max (cm) 
50% Load Trlr 1 5.2 20.8 45.2 79.6 
50% Load Trlr 2 6.7 27.4 60.2 114.2 
50% Load Trlr 3 6.5 26.4 57.8 109.5 
100% Load 6.5 26.7 58.4 110.4 
Trailer 3 Lateral Displacement Max (cm) 
50% Load Trlr 1 6.2 25.0 54.8 96.5 
50% Load Trlr 2 7.9 32.1 70.7 132.9 
50% Load Trlr 3 7.7 31.3 68.9 131.0 
100% Load 7.5 30.6 67.4 127.2 
 
Table 3-9 contains the quadratic cost functions normalized by the maximum cost 
function obtained for each simulation (each simulation is conducted with a unique 
average crosswind).  It is thought that the differences between the configurations 
observed during the 20 km/h average crosswind may be too slight for this analysis. The 
following concerns 40 km/h crosswinds and above. The 50% Load Trailer 1 
configuration posed the least difficulty to the driver (J2) for all cost functions across all 
crosswind speeds.  Notably though, the mental workload (J3) for this configuration was 
higher than both path error (J1) and physical workload (J2).   Fully loading the vehicle 
resulted in the highest driver effort of all the configurations. Path error and physical 
workload scored similarly for all configurations except for the 50% Load Trailer 1 
configuration.  Reducing the load in subsequent trailers from the front increases the 
mental workload (J3) experienced by the driver. The 50% Load Trailer 1 20 km/h case 
resulted in a very small path error that when normalized resulted in a value less than can 
be represented by 3 decimal precision, effectively zero.  It is thought that the differences 





 Table 3-9. Normalized quadratic cost functions, load configurations,  vehicle speed: 88 
km/h (55 mph) 
Cost Functions Normalized by Simulation Maximum 
Crosswind Speed 
 20 km/h 40 km/h 60 km/h 80 km/h 
50% Load Trailer 1 
J 1 0.000 0.333 0.323 0.264 
J 2 0.495 0.423 0.392 0.328 
J 3 0.810 0.763 0.796 0.790 
50% Load Trailer 2 
J 1 1.000 1.000 0.985 0.989 
J 2 0.979 0.989 0.991 0.998 
J 3 1.000 0.809 0.854 0.868 
50% Load Trailer 3 
J 1 1.000 0.963 0.970 0.968 
J 2 0.971 0.977 0.978 0.981 
J 3 1.000 0.946 0.983 1.000 
100% Load 
J 1 1.000 1.000 1.000 1.000 
J 2 1.000 1.000 1.000 1.000 
J 3 1.000 1.000 1.000 0.999 
 
Figure 3-11 shows the lane displacements during a 60 km/h random wind 
simulation with truck speed of 88 km/h (55 mph). The maximum lane displacement for 
the fully loaded vehicle is nearly identical to the configurations with lightened trailers 2 
or 3. The maximum lane displacement for the 50% load trailer 1 configuration is 
remarkably lower (30 to 40 cm less) than those of the other configurations. The responses 





Figure 3-11. Tractor lane displacement for various load configurations, 60 km/h random 
crosswind,  vehicle speed: 88 km/h (55 mph) 
Figure 3-12 shows the tractor yaw response for the tested load configurations. As 
with lane displacement, the bulk of the yaw response occurs during the wind ramp-up 
segment of the test. Also like the lane displacement, yaw excursions are similar for the 
50% load trailer 2 and 3, and the fully loaded configurations. 
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50% Load Trailer 2 






Figure 3-12 Tractor yaw for various load configurations, 60 km/h random wind,  vehicle 
speed: 88 km/h (55 mph) 
Since the aerodynamic forces and moments applied to the vehicle are essentially 
identical between the configurations and the most powerful configuration change was 
reducing the load in trailer 1, the phenomenon resulting in the decreased lane 
displacement must be due to a change in the response of trailer 1 within the vehicle. 
Figure 3-13 shows the yaw response of trailer 1. The 50% load trailer 1 configuration has 
a larger negative yaw response than the other configurations. The yaw rate is noticeably 
larger in magnitude as the 50% Trailer 1 achieves a higher magnitude yaw attitude in the 
same 20 second period as the other configurations. 
 
























50% Load Trailer 1 
50% Load Trailer 2 






Figure 3-13. Trailer 1 yaw response, 60 km/h random wind simulation,  vehicle speed: 88 
km/h (55 mph) 
Figure 3-14 shows the yaw for trailer 1 focused on the point in time at which the 
crosswind is applied.  The 50% trailer 1 configuration begins gaining yaw less than 0.5 
seconds after the application of crosswind at 20 seconds. The other configurations do not 
gain appreciable negative yaw until nearly 2 seconds after the application of the 
crosswind.  
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Figure 3-14. Trailer 1 yaw response, 60 km/h random wind simulation,  vehicle speed: 88 
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CHAPTER FOUR   
CONCLUSION 
Aerodynamic Configurations Subjected to Steady Crosswinds 
Lateral Displacement and Off-tracking 
The lateral displacement of the vehicle was reduced by increasing the side-force 
coefficient of the trailers relative to the tractor. This reduction in displacement was 
accompanied by an increase in off-tracking. Since the lateral displacement of any of the 
trailers relative to its leading unit (off-tracking)  was increased with the side-force on the 
trailers, the reduction in the displacement is due to the response of the lead unit in the 
vehicle (the tractor).  Since no configuration consisted of aerodynamic changes to the 
tractor, the change in displacement was due to the relative change in side-force 
coefficient between the tractor and the first trailer.  
All of this displacement occurred during the 20 second crosswind ramp-up period. 
Though the analysis is performed on equilibrium data, the relationship between the forces 
and moments applied to the dynamic portion (crosswind ramp-up) of the test. 
Yaw Response 
The clockwise yaw displacement of each unit in the vehicle increased with the 
trailer Cy (side-force coefficient) .  The aerodynamic yaw applied to the body under these 
conditions, however, is counter-clockwise, opposing the clockwise yaw attitude that the 
tractor attains. The clockwise yaw attitude essentially counter steers the vehicle into the 
crosswind. Increasing the trailer Cy increased the clockwise yaw attitude of the tractor in 




must be a result of clockwise moment due to the lateral force imparted on the tractor 
through the fifth wheel connection. The reduction in tractor displacement was due to this 
counter-steering moment on the tractor. 
Aerodynamic Configurations Subjected to Random Crosswinds 
Lateral Displacement 
The same configurations from the previous section were tested with random 
crosswind acting from right to left. The random crosswinds were of the same average 
velocities as the steady crosswind.  One additional configuration was added, which 
consisted of a standard tractor, trailer 1 with Cy=2.00 and trailers 2 and 3 with Cy=1.50.  
The trend of the lateral displacement results with respect to side-force coefficient were 
the same as were observed during the steady crosswind tests. Increasing Cy reduced the 
maximum lateral displacement of all parts of the vehicle. Reducing the lateral Cy for the 
last two trailers further reduced the maximum vehicle lateral displacement.  This 
reinforces the tractor-trailer 1 relationship observed during the steady crosswind 
simulations.  
The bulk of the lateral displacement for this test occurs during the crosswind 
ramp-up period before the actual random crosswind test begins.  This portion of the test is 
common with steady wind test. The overall similarity between lateral displacement for 
both tests is due to the vehicle behavior during this period.  
Yaw Response 
As with the steady wind simulations, the tractor yaw response increased with 




had no noticeable effect on the tractor yaw response. This underscores the fact that the 
tractor-trailer 1 relationship governs the overall lateral displacement response to 
crosswind for the three-trailer vehicle. 
Path Error and Driver Workload  
The configuration with Cy=2.00 for all trailers exhibited the smallest path error 
(J1). Since the driver model had to use smaller steer angles to keep the vehicle on path, 
this case also resulted in the smallest physical workload for the driver (J2).   
The configuration with Cy=1.50 for all trailers exhibited the smallest path error 
(J1). Since the driver model had to use larger steer angles to keep the vehicle on path, this 
case also resulted in the largest physical workload for the driver (J2).  
However, the mental effort for the Cy=1.50 configuration was nearly half that of 
the Cy=2.00 coefficient configuration. The larger transient side-forces result in larger 
lateral accelerations requiring that the driver model to command faster steering inputs to 
attempt to maintain the intended path. Since the mental effort cost function (J3) is the 
integral of steering-wheel angular velocity, increasing Cy for trailer 1 increased the 
mental workload for the driver. 
For the Cy=2.00 configuration, trailers 2 and 3 experience larger aerodynamic 
side-force transients than the combined configuration. The larger aerodynamic side-
forces resulted in larger transient accelerations for these trailers. Since the Cy=2.00 
configuration provided more mental workload than the combined configuration, the 
motion of trailers 2 and 3 must be contributing to the steer angle velocity commanded by 





Load Configurations Subjected to Random Crosswinds 
Lateral Displacement 
The load configurations tested all had the same aerodynamic definitions, i.e., 
Cy=2.00 for all trailers. Reducing the load in trailer 1 by 50% resulted in the smallest 
maximum lateral displacement for all units of all of the random crosswind tests.  
Reducing the load in trailers 2 and 3 had very little effect on the response of the vehicle. 
Reducing the mass in trailer 1 resulted in a faster response to the wind disturbance 
allowing the counter steering effect noted during the steady crosswind simulations to be 
applied earlier in the transient wind disturbance. 
Driver Workload 
The fully loaded vehicle posed the most physical and mental effort for the driver 
(J2 and J3). Reducing the load in trailer 2 or 3 (leaving all other trailers full) showed 
marginal reductions in physical workload (J2). Reducing the load in trailer 1 alone 
resulted in the smallest physical workload (J2).  This is expected since path error and 
physical workload (J1 and J2) are based directly on lateral displacement and commanded 
steer angle. Larger relative gains were made for mental workload by reducing the Cy 
instead of reducing the load for any trailer. The mental workload is less sensitive to 
changes in load configurations than aerodynamic configurations. 
Recommendations 
Increasing the side-force generated for a given crosswind on the first trailer in a 




trailer vehicle.  Reducing the side-force generated for a given crosswind for the last two 
trailers will further reduce the maximum lateral displacement for all units by reducing the 
off-tracking. Reducing the payload of trailer 1 with respect to trailers 2 and 3 has the 
most powerful effect on reducing the overall lateral displacement for the vehicle.  
The workload placed on the driver could be tailored to the expected workload of 
the operation. A driver operating a three trailer vehicle in high traffic, mentally stressful 
environments may benefit from reductions in aerodynamic trailer side-force while a drive 
operating in long duration, physically demanding environment may benefit from reducing 
the relative payload mass in trailer 1. 
 
Further Work 
Combining lighter loads and larger side-forces in a single trailer could have 
unintended consequences, such as increased roll-over propensity.  Studying wind induced 
roll-over is a natural extension of this work.  
This research pertained to straight-line driving. Wind excitation during dynamic 
driving events, such as lane changes and curve negotiation, should also be studied.   
This research could be extended into human factors such as fatigue. Design 
changes to the LCV could suit a vehicle configuration to a type of operating environment. 
The load and aerodynamic recommendations represent design changes (adding 
fillets to the longitudinal corners of a prismatic trailer) and operational configuration 
changes (placing lighter trailers closer to the tractor) that reduce lane deviation and driver 




human or control system interventions. This investigation could be extended into the 
development of an active control system to augment the design and operational changes 










APPENDIX A  
MODELING THE LCV USING TRUCKSIM® 
Vehicle Definition 
These vehicles are simulated in TruckSim® version 8.01. The three trailer 
combination is modeled using custom solvers created by Mechanical Simulation 
Corporation for longer combination vehicle stability and dynamics research being 
conducted by National Transportation Research Center Incorporated (NTRCI). 
TruckSim® is a parametric vehicle dynamics simulation package where vehicles 
are characterized in tables of mass properties, kinematic and compliance data, drive-train 
and tire force and moment characteristics. 
Commercial Vehicle Components 
The Vehicle Components that are commonly used to construct an LCV are the 
Day-Cab Tractor, 28’ Semi-Trailer and the Converter Dolly. See Figure A-1 though 
Figure A-4. 
 







Figure A-2. 28 foot trailer (Mechanical Simulation Corporation, 2010) 
 
Figure A-3. Converter dolly 
A day-cab tractor is a commonly used commercial vehicle tractor that has no 
sleeper facilities. The day-cab tractors are often used to as the lead unit in longer 
combination vehicles. The 28’ van trailer is a semi-trailer is consist of an open box 
structure that has a king-pin connection for interface with a fifth-wheel. It is not 
supported by an axle and wheels at the trailing end of the unit. They are pulled by tractors 
individually or entrained in combinations consisting of tractors and two or three trailers. 
Typically these trailers only have one axle but the converter dolly adds a front pivoting 
axle and is used to convert a semi-trailer to a full trailer for use in LCV combinations. 
The converter dolly consists of a fifth-wheel hitch and one or more axles mounted to a 





Figure A-4. Pintle Hitch (Pape et al., 2011) 
LCV Van Combination 
The baseline LCV combination is composed of three 28 foot box vans entrained 
with a 2- axle day-cab tractor. The tractor connects to trailer 1 by fifth-wheel hitch. 
Trailer 1 connects by pintle-hitch to converter dolly 1. The converter dolly connects to 
trailer 2 by fifth-wheel. Trailer 2, similar to Trailer 1, connects to converter dolly 2 by 
pintle-hitch. Trailer 3 connects to converter dolly 2 by fifth-wheel. A TruckSim® 





Figure A-5. combination modeled in Trucksim® (Mechanical Simulation Corporation, 
2010) 
Mechanical Model Documentation 
This section includes all publishable data required to recreate the TruckSim® 
model used for this investigation. For clarity and ease of reproduction, TruckSim® screen 
captures are provided that contain the relevant data. A future researcher can reproduce 
this model by assuring that the model parameters are set in TruckSim® as they are 
presented in the following Figures.  
Tire Characterization 
The tire characterization was performed by Michelin America Research 
Corporation (MARC) for prior research (Pape et al., 2011). For reasons of confidentiality 
the tire characterization data used for this investigation cannot be published in this 
document. 
Tractor Kinematics and Compliances 
The tractor kinematics for this model were adapted from prior work. The axle 




tractor. The K&C characterizations were performed at Michelin American Research 
Corporations for prior research (Pape et al., 2009).  
Trailer Axle Kinematics 
Figure A-6 shows the trailer axle kinematic definitions. The values, parameters 
and components shown on this TruckSim® screen are as they were prepackaged with the 
software. No changes were made to the configuration of the trailer axle kinematics. This 
screen also provides the modeler with the ability to change the axle mass properties and 
wheel spin inertia ratios. The roll center is set to 195 mm above the centerline of the axle. 
Caster, axle jounce lateral and longitudinal displacement are defined on this screen: each 
is set to not change with jounce. Roll Steer is set to 0 deg/deg. Wheel alignment is also 
defined on this screen. Toe and camber are both set to 0 deg.  
 






Trailer Axle Compliance 
Figure A-7 shows the trailer axle compliance definitions. The values, parameters 
and components shown on this TruckSim® screen are as they were prepackaged with the 
software. No changes were made to the configuration of the trailer axle kinematics. The 
springs on each side of the trailer axles have stiffness of 900 N/mm with 5000 N of 
friction. Dampers are linear coefficients of 50 kN-s/m. Jounce and rebound stops provide 
a stroke of 160 mm. Compliance coefficients that relate the flexible movement of the axle 
with relation to force and moment inputs are set to zero. The mechanical ratio to the 
springs, dampers, and bump stops are all set to 1.0. The auxiliary roll stiffness is set to 
3000 N-m/deg. All suspension components are set centered 1000 mm apart.  
 






Dolly Axle Kinematics 
Figure A-8 shows the dolly axle kinematic definitions. The values, parameters 
and components shown on this TruckSim® screen are as they were prepackaged with the 
software. No changes were made to the configuration of the trailer axle kinematics. The 
roll center is set to 195 mm above the centerline of the axle. Caster, axle jounce lateral 
and longitudinal displacement are defined on this screen: each is set to not change with 
jounce. Roll Steer is set to 2 deg/deg. Basic alignment is also defined on this screen. Toe 
and camber are both set to 0 deg.  
 
 
Figure A-8. Dolly axle kinematic definition (Mechanical Simulation Corporation, 2010) 
Dolly Axle Compliance 
Figure A-8 shows the dolly axle compliance definitions. The springs on each side 
of the trailer axles have stiffness of 700 N/mm with 5000 N of friction. Dampers are 
linear coefficients of 50 kN-s/m. Jounce and rebound stops provide a stroke of 160 mm. 




force and moment inputs are set to zero. The axle moves as constrained by kinematic 
definitions shown in Figure A-14. The mechanical ratio to the springs, dampers, and 
bump stops are all set to 1. All suspension components are set centered 1000 mm apart.  
 
Figure A-9. Dolly axle compliance definition (Mechanical Simulation Corporation, 2010) 
Fifth-Wheel Compliance 
The fifth-wheel is kinematically defined as a spherical joint between the tractor 
and trailer. The joint limits are characterized by tables of spring stiffness versus degrees 
of rotation. Lash is defined differently about each axis.  Figure A-10 shows the roll 
moment lash (about the X-axis). The spring force is set to zero from -0.4° to 0.4° after 





Figure A-10. Fifth-wheel roll moment lash definition (Mechanical Simulation 
Corporation, 2010) 
Figure A-11 shows pitch lash. The fifth-wheel is allowed to pitch forward 7° and 
backward 11°. Within 7° forward pitch and 11° rearward pitch, the stiffness is set to zero. 
Beyond 7° forward pitch and 11° rearward pitch, the stiffness increases to 110,000 
N/deg. 
 





Figure A-12 shows the yaw lash. The trailer is allowed to rotate +/- 90°. Within 
+/- 90° the yaw stiffness is 0 N/deg.  Past 90° rotation the stiff increases to +/- 110,000 
N/deg. 
 
Figure A-12. Fifth-wheel yaw stiffness definition (Mechanical Simulation Corporation, 
2010) 
Tractor Body Mass Properties 
Figure A-13 shows the tractor body mass properties used for this investigation. 
The center of mass is located 1000 mm back from the center of the front axle and 1173 
mm from the ground. The height and width are designated for animator use only. The 
sprung mass is 4391 kg. The inertias and their products and radii of gyration are 





Figure A-13. Tractor body mass property definition (Mechanical Simulation Corporation, 
2010) 
Tractor Steer Axle Mass Properties 
Figure A-14 shows the definition of the steer axle mass properties. These fields 
are located in the tractor steer axle kinematics screen. The unsprung mass of the axle is 
371 kg and the yaw inertia is 236 kg-m
2









Figure A-14. Steer axle mass properties (Mechanical Simulation Corporation, 2010) 
Tractor Drive Axle Mass Properties 
Figure A-15 shows the definition of the drive axle mass properties. These fields 
are located in the tractor drive axle kinematics screen. The unsprung mass of the axle is 
735 kg and the yaw inertia is 285 kg-m
2
. The spin inertias for the wheel assemblies are 
both 10.34 kg-m
2
. This axle is heavier due to the addition of the drive-line mechanicals. 
The spin inertias are higher due to the dual wheels. 
 
Figure A-15. Drive axle mass property definition (Mechanical Simulation Corporation, 
2010) 
Trailer Body Mass Properties 
Figure A-16 shows the trailer body mass properties. The center of mass is 3500 
mm behind the king-pin connection and 1935 mm above the floor. The hitch is defined to 
be 1100 mm from the floor. The total mass is 3000 kg. The width and height are provided 
for animator use only. The inertias, their products and radii of gyration are calculated by 
TruckSim®. Frame torsional parameters are shown on this screen even though the 





Figure A-16. Trailer body mass property definition (Mechanical Simulation Corporation, 
2010) 
Trailer Axle Mass Properties 
Figure A-17 shows the definition of the trailer axle mass properties. These fields 
are located in the trailer axle kinematics screen. The unsprung mass of the axle is 665 kg 
and the yaw inertia is 256 kg-m
2
. The spin inertias for the wheel assemblies are both 20 
kg-m
2
. Trailer wheels are typically steel in construction leading to higher spin inertias 
than are reported for the tractor. 
 







Dolly Body Mass Properties 
Figure A-18 shows the dolly body mass property definition. In TruckSim® the 
dolly is defined the same manner as a full trailer. The center of mass is 1800 mm behind 
the king-pin connection and 1150 mm above the floor. The hitch is defined to be 1100 
mm from the floor. The total mass is 610 kg. The width and height are provided for 
animator use only. The inertias, their products and radii of gyration are calculated by 
TruckSim®.  
 
Figure A-18. Dolly mass property definition (Mechanical Simulation Corporation, 2010) 
Dolly Axle Mass Properties 
Figure A-19 shows the definition of the dolly axle mass properties. This figure 
shows just the portion of the screen that relates to the mass of the axle. These fields are 
located in the dolly axle kinematics screen. The un-sprung mass of the axle is 640 kg and 
the yaw inertia is 246 kg-m
2
. The spin inertias for the wheel assemblies are both 20 kg-
m
2





Figure A-19. Dolly axle mass property definition (Mechanical Simulation Corporation, 
2010) 
Trailer Payload Mass Properties 
Two different payload definitions were used for this investigation.  
Figure A-20 shows the definition for the full load packaged with TruckSim®. 
Figure A-21 shows the definition for the modified 50% load. Both loads have the same 
bounding box 5,000 mm by 2,000 mm by 2,000 mm. The 100% load has a mass of 9,000 
















APPENDIX B  
SURFACE AREAS AND DIMENSIONS 
 
Figure B-2 shows the lateral surface area relative to an image of a Class 8 tractor. 
The dimensions of this area are 4115 mm (approximately 13.5 ft) tall by 1750 mm 
(approximately 5.7 ft) long. The height is the same as used for the frontal area estimate, 
but the length was chosen to be half that of the wheelbase. The lateral surface extends 
from the aerodynamic reference point forward. There is no surface area behind the 
reference point. When a crosswind is applied, a yaw moment results from an imbalance 
of lateral force about the aerodynamic reference point. 
Hcab 
Wcab 






Figure B-3 shows the tractor dimensions relevant to model the aerodynamic yaw 
moment. A wind in the positive direction produces a positive lateral force. A positive 
yaw moment results from a positive lateral aerodynamic force applied at the center of 
pressure, Cp, a distance Lcp in front of the aerodynamic reference point. The same 
positive force is applied as a lateral force at the aerodynamic reference point. The 












Figure B-4 shows the dimensions relevant to model the aerodynamic roll moment 
for the tractor. A wind in the positive YV direction results in a positive force applied at 
the center of pressure Cp, at a distance Hcp above the aerodynamic reference point, which 













Figure B-3. Tractor dimensions for aerodynamic yaw moment 





Table B-1. Vehicle Dimensions 
Tractor Dimensions 
Wcab Cab body width 2591 mm 
Hcab Cab body height 4115 mm 
Lcab Cab body length 1750 mm 
Lref Tractor reference length 1750 mm 
Lcp Center of pressure from cab front 875 mm 
Hcp Height of center of pressure from ground 2058 mm 
 
As with the tractor, the frontal area of the trailer model is defined by a rectangular 
shaped approximation of the forward facing surface area of the trailer. The dimensions of 
the trailer reference area, Figure B-5, are 3115 mm (approximately 10.2 ft) tall by 2591 
mm (approximately 8.5 ft) wide. The height of the aerodynamic shape, 3115 mm, is the 






Figure B-4. Tractor dimensions for modeling aerodynamic roll moment  






clearance of the trailer body. The overall trailer height is based on a range of typical 
clearance heights reported by states and municipalities (FHWA 2004). According to SAE 
convention, the aerodynamic reference length is the wheel base of the vehicle 
(Mechanical Simulation Corporation 2010). Figure B-5 shows the reference area relative 
to an image of the front of a van trailer. Table B-2, found on page 85, contains the 
dimensions used to calculate all surface areas for this characterization. 
 
 














Figure B-7. Trailer dimensions for modeling lateral force and roll (Mechanical 















The trailer diagram in Figure B-7 shows the aerodynamic, fifth-wheel force, Ffw, 
and tire forces, Fa3. For moment calculation, a wind in the positive YV direction results in 
a positive force applied at the center of pressure Cp. The force applied at a distance Hcp 
above the aerodynamic reference point results in a negative moment about the X axis. 
The same positive force is applied as a pure lateral force at the aerodynamic reference 
point. This free body diagram is typical for all three trailers. 
Table B-2. Vehicle dimensions used for aerodynamic characterization 
Trailer Dimensions 
Wtrlr trailer body width 2591 mm 
Htrlr trailer body height 3115 mm 
Ltrlr trailer body length 8534 mm 
Lreft trailer reference Length 3500 mm 






APPENDIX C  
AERODYNAMIC MODEL VALIDATION 
 
The aerodynamic model is tested for validity in the TruckSim® environment for 
which it was developed. Without CFD estimation and wind tunnel testing, the dynamic 
nature and amount of force generated by application of wind at an arbitrary slip angle is 
based on assumptions and previous research. Successful validation will demonstrate that 
a simulated wind generates a force and moments of appropriate magnitude in the proper 
direction. 
 























Aero Slip Angle (degrees) 
Tractor Roll Moment Coefficient vs Slip Angle 





Figure C-2. Tractor lateral force coefficient plot versus slip angle  
 






















Aero Slip Angle (degrees) 
Tractor Lateral Force Coeffcieint Sensitivity to Slip Angle  




















Aero Slip Angle (degrees) 
Tractor Yaw Moment Coefficient vs Slip Angle 





Figure C-4. Trailer roll moment coefficient versus slip angle 
 






















Aerodynamic Slip Angle (degrees) 
Trailer Roll Moment Coefficient vs Slip Angle 
























Aero Slip Angle (degrees) 
Trailer Lateral Force Coeffcieint Sensitivity to Slip Angle  




Validation testing was performed by simulating the response to an 88 km/h wind 
at a yaw angle of 90˚ (in the positive YE direction) against an LCV traveling in the 
positive XV direction at 88 km/h. The resulting aerodynamic slip angle, force and 
moment plots are presented to validate the model. The validation simulation starts with a 
forward moving vehicle traveling at 88 km/h with no crosswind. This allows the starting 
transient behavior of the simulation to attenuate to a dynamic equilibrium. At 20 seconds 
the crosswind is applied as a step to a velocity of 88 km/h. 
 
Figure C-6. Aerodynamic slip angle for model validation 
Setting the true wind and vehicle speed are equal results in an aerodynamic slip angle, β, 
of approximately 45˚. See Figure C-6.  The slight deviation from 45˚ is due to the yaw 
attitude the vehicle model achieves during the simulation. Table C-1 lists the 
aerodynamic slip angles achieved during validation testing for each unit. 




























Table C-1. Model validation aerodynamic slip 
Unit Aero Slip Angle (deg) 
Tractor -43.938 
Trailer 1 -44.020 
Trailer 2 -44.018 
Trailer 3 -44.055 
 
 
Figure C-7. Aerodynamic lateral force for model validation 
 
Figure C-7 shows the lateral response of the LCV model during validation testing. 
The aerodynamic lateral force generated by the application of a crosswind in the positive 
Y direction imparts a force in the positive Y direction. The three trailers are nearly 
identical in lateral force generation increasing slightly with each additional trailer. This 




















Tractor Trailer 1 Trailer 2 Trailer 3 




agrees with the slight increase of aerodynamic slip angle experience with each additional 
trailer. The lateral force generated is in accordance to the tractor free body and the 
aerodynamic lateral force and coefficients. The tractor experiences less lateral force than 
the trailers for similar slip angle due to less lateral area exposed to crosswind. See Table 
C-2. 
 
Table C-2. Aerodynamic lateral force at equilibrium for model validation 
Unit Lateral Force (N) 
tractor 4998.7 
trailer 1 18510 
trailer 2 18494 
trailer 3 18515 
 
 
Figure C-8. Lateral tracking model validation simulation 





























Figure C-8 shows the tracking response of the LCV model during validation 
testing. The intended tractor path is denoted by the black asterisk trace. The lateral 
tracking is adjusted by subtracting the initial displacement attained while the simulation 
initially stabilizes. Expectedly, after the application of the crosswind, the vehicle was 
accelerated in the positive Y direction. The vehicle-driver response over-shot the 
equilibrium displacement. Considering that freeway lane width is approximately 3.6 m, 
the displacement in tracking is extreme. Table C-3 contains the lateral tracking adjusted 
for the dynamic center. The maximum lateral tracking of the unit occurs in trailer 3. A 
reasonable wind response is gauged subjectively by relative severity. An 88 km/h 
sustained crosswind is an extremely severe operating condition which justifies an also 
severe 1 m lane deviation. The direction of the displacement agrees with the direction of 
the lateral force in  
Table C-3. Model validation lateral tracking 




tractor 0.68718 .65698 
trailer 1 0.81114 .78094 
trailer 2 0.9503 .91952 






Figure C-9. Aerodynamic yaw moment for model validation 
The simulation resulted in a tractor yaw moment of 4373.9 Nm at equilibrium. 
The trailer models had no yaw moment defined.  
Figure C-9 shows the aerodynamic yaw moment response. Table C-4 contains the 
aerodynamic yaw moments at equilibrium. The positive yaw moment is generated in 
accordance the tractor free body diagram in Figure B-3 and the derivation of the yaw 
moment and coefficient in Equations (23) and (25). 
  



























Table C-4. Yaw moment at equilibrium for model validation 
Unit Yaw moment (N-m) 
Tractor 4373.9 
Trailer 1 0 
Trailer 2 0 
Trailer 3 0 
 
 
Figure C-10. Yaw angle for model validation 
Each unit attains a negative yaw of approximately -1˚ at equilibrium See Figure 
C-10. The equilibrium aerodynamic slip angle was less than the -45˚ estimated from the 
88 km/h relative and 88 km/h true wind due to the contribution of the equilibrium yaw 
angle. Equilibrium is maintained by the tires generating an equal force opposite of the 
lateral wind force. The tractor model is actively steered against the wind force, toward a 






















Tractor Trailer 1 Trailer 2 Trailer 3 




negative yaw attitude by the driver model to minimize path deviation. With no lateral 
motion, the tire slip angle required to generate the lateral force necessary to maintain 
balance comes from the trailer yaw steering the tires into the wind. The lateral 
equilibrium condition and the total yaw moment of the tractor and trailer 1 combination 
of the LCV is part of this investigation and are addressed in detail later in this report. See 
Table C-5 for yaw angle at equilibrium, as well as the sum of the yaw angles and the 
aerodynamic slip angles.  
Table C-5. Equilibrium yaw angle for model validation 
Unit Yaw 
(deg) 
Aero Slip + Yaw 
(deg) 
Tractor -1.05430 -44.99230 
Trailer 1 -0.97129 -44.99129 
Trailer 2 -0.95205 -44.97005 
Trailer 3 -0.90874 -44.96374 
 
 
Figure C-11. Aerodynamic roll moment model validation 
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Figure C-11 shows the negative aerodynamic roll moment response simulated 
during the model validation test. The trailers are nearly identical in lateral force 
generation, and thus roll moment. The tractor has a lower roll moment imparted by the 
crosswind due to lower lateral force generation and center of pressure height. The roll 
moment generation is in accordance to the tractor free body diagram and the roll moment 
and coefficients functions. Table C-6 lists simulated equilibrium roll moment values. 
Table C-6. Equilibrium roll moment validation 
Unit Roll Moment (N-m) 
tractor -10282 
trailer 1 -47336 
trailer 2 -47297 
trailer 3 -47350 
 
Figure C-12. Vehicle roll for model validation simulation 





















Tractor Trailer 1 Trailer 2 Trailer 3 




Figure C-12 shows the negative roll response simulated during the model 
validation test. The roll attitude agrees with the direction roll moments in Figure 21 
though the magnitude for trailer 1 is larger than trailers 2 and 3. The pintle hitch coupling 
on the converter dollies offers roll stiffness between the trailers, but the roll stiffness of 
the fifth-wheel between the tractor and trailer 1 causes the units to act together, 
increasing the roll response. Table C-7 contains the equilibrium roll response values. 
Table C-7. Model validation roll angle 
Unit Roll Angle (deg) 
tractor -1.4737 
trailer 1 -1.8770 
trailer 2 -1.0358 
trailer 3 -1.0329 
 
Figure C-13. Aerodynamic drag force for model validation 
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Figure C-13 shows the drag force response simulated during the model validation 
test. The relative wind velocity used to calculate dynamic pressure is the magnitude of 
the resultant vector of the addition of the relative head wind vector and the true crosswind 
vector. The relative wind velocity for the model validation is 88 km/h before the 
crosswind application. After the application of the crosswind, the relative wind increases 
to 124.5 km/h. See Table C-8. 
Table C-8. Equilibrium drag force valuesEquilibrium drag force values 
Unit Initial Drag Force 
(N) 
Crosswind Drag Force (N) 
tractor -1535.6 -3073.5 
trailer 1 -290.61 -581.69 
trailer 2 -290.67 -581.26 












APPENDIX D  
MANEUVER AND ENVIRONMENT DEFINITION 
Lane Change 
 Figure D-1 shows the lane path used for the driver model tuning. This lane change 
path was prepackaged with TruckSim®. The test speed was set to 88 km/h. Wind 
velocity was set to zero. The road crown was defined to be zero for all tests. 
 








The straight driving maneuver was used for most of the simulations. The test 
speed was set to 88 km/k. The road crown was defined to be zero for all tests. The test 
duration was set to 240 seconds. The maneuver is carried out on the TruckSim® defined 
East-West Road. 
 Constant Wind Simulation 
The constant wind simulation is ramps the crosswind up to test speed to avoid the 
transient dynamics of the simulation start-up as well as any unwanted vehicle responses 
from imparting the crosswind too quickly such as would be the case with a step wind. 
The wind velocity is zero for the first 20 seconds of the wind profile. At 20 seconds the 
wind is ramped to the maximum velocity for the test over a period of 20 seconds. From 
40 to 200 seconds the vehicle is allowed to achieve equilibrium. Average displacements, 
forces and moments are calculated from the last 190 seconds to the end at 200 seconds. 





Figure D-2. Constant wind profile for 60 km/h simulation 
 Random Wind Simulation 
The primary difference between the constant wind simulation and random wind 
simulation is that a random wind profile is utilized after the crosswind speed ramp-up. 
The profile is sequenced similarly to the constant wind profile. The wind velocity is zero 
for the first 20 seconds of the wind profile. At 20 seconds the wind is ramped to the 
average velocity for the test over a period of 20 seconds. At 40 seconds the random wind 
profile is applied. Figure D-3 shows an example of the random wind profile for a 60 km/h 
average velocity wind simulation. The generation of the random wind signal is detailed in 
APPENDIX F. 
































Figure D-3. Random wind profile for 60 km/h random crosswind 
 Ramp Wind Simulation 
The ramp wind also used the tuned driver model parameters. The simulation starts 
at with a crosswind velocity of zero km/h and continues until 150 km/h is reached. Figure 
D-4 shows an example of the ramp wind profile for a 60 km/h average velocity wind 
simulation. 







































































APPENDIX E  
DRIVER MODEL TUNING 
 
In preliminary work with TruckSim®, it became evident that driver model tuning 
is critical to obtaining reasonable results. A nearly unstable combination could be 
“driven” by the TruckSim® driver model leading to a periodic motion of non-trivial 
magnitude throughout the maneuver. The user defined parameters for the driver model 
are preview time and transport lag. The preview time defines the distance, relative to the 
vehicle speed, from the driver to the design path tracking reference point. The transport 
lag is a pure lag added to the response time between the calculations of the steer angle to 
its application to steering system model. For the purposes of this investigation, this value 
was set to 0.2 seconds. (Olson).  
It is thought that the appropriate preview time would be found by trial and error 
using a double lane change at the test speed. Drivers operating real vehicles should 
preview their intended path at a distance that would allow safe execution of an obstacle 
avoidance maneuver. The parameter is determined iteratively by running a double lane 
change simulation at test speed starting with a preview of one second. For each 
successful double lane change the preview time will be increased by 0.1 second until the 
lane change cannot be executed without violating the lane change gates. The next lowest 
time that allows successful execution of the double lane change is to be used. The driver 




Figure E-9, shows the tire trajectory for the entire combination during the 
simulation of a double lane change at 88 km/h (55 mph). The traces for each tire are not 
identified as of interest is the encroachment of any tire on the vehicle.  
It was observed that the tire trajectory changes with increasing preview time. 
With each increase the driver model turns in to the gate more quickly encroaching on the 
entrance cones and stays in the outer gate longer encroaching on the exit cones 
effectively increasing the length of the lane change. The increase in length allows the 
lane change to occur with the vehicle covering less of the width of the road. The driver 
preview time is chosen to be 2.5 seconds. This preview keeps all tires in the outer 
confines of the lanes during the maneuver at the sacrifice of some gate distance. 
Tuning Plots 
 
Figure E-1. Tire Trajectory for double lane change, driver preview time of 2.0 seconds 











Transport Lag 0.2 sec, Preview Time 2.0 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 























Figure E-2. Tire Trajectory for double lane change, driver preview time of 2.1 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.1 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 






















Figure E-3. Tire Trajectory for double lane change, driver preview time of 2.2 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.2 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 






















Figure E-4. Tire Trajectory for double lane change, driver preview time of 2.3 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.3 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 






















Figure E-5. Tire Trajectory for double lane change, driver preview time of 2.4 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.4 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 






















Figure E-6. Tire Trajectory for double lane change, driver preview time of 2.5 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.5 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 






















Figure E-7. Tire Trajectory for double lane change, driver preview time of 2.6 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.6 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 






















Figure E-8. Tire Trajectory for double lane change, driver preview time of 2.7 seconds 
 











Transport Lag 0.2 sec, Preview Time 2.7 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 












































Transport Lag 0.2 sec, Preview Time 2.8 sec 
88 km/h Double Lane Change Tire Trajectory with Lane Change Cones 





















APPENDIX F   
DAVENPORT WIND SPECTRUM 
 
Wind measurements were used to develop a general power spectrum curve which 
was fit based on the parameters of surface roughness, average wind speed and distance 
from the ground (Davenport, 1961). The Davenport power spectrum for was adapted for 
use in control system design for radio telescope use for NASA (Gawronski, 2004). The 
curve fit as presented by Davenport was generalized to: 
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and 
   
 
             
 . (3) 
 
Beta is an adjustment in the original equation from spatial frequency to temporal 
frequency where vm is the average wind velocity. Kappa is the surface air resistance 
coefficient where z is the height of the object subject to the modeled gusts and z0 is 
surface roughness height. Garonski designed a filter that replicated the shape of the 
power spectrum. The following forth order filter matches the parameters pertaining to the 
radio telescope: 
   
                                 






 This filter generates an appropriate gust disturbance time history when white 
noise with unit standard displacement is applied. The gust velocity v(t) should be scaled 
to unit standard displacement as well: 
        




Further stated by Garonski, the magnitude of the disturbance is related to the average 
wind velocity, vm, by the following relation: 
                (6) 
 
Where α is defined using κ surface roughness coefficient above. 




Figure F-1. Simulink Diagram for Davenport Spectrum 









Following is the key for Figure F-1: 
1. The Band-Limited White Noise block provides a broad spectrum signal to 
be filtered to the wind gust spectrum 
2. A gain of 1.7 ensures that the output of the Davenport Spectrum Filter is 
+/- 1 (Equation 5). 
3. The Davenport Spectrum Filter block is a Simulink transfer function 
implementation of the filter coefficients from prior research (Equation 4).  
The output of this block is       . 
4. The Alpha block is the implementation of Equation 7. 
5. The Average Velocity is the required average crosswind velocity for the 
simulation 
6. The Product block implements Equation 6. 
7. The Filter Block Implements a Low Pass filter with a 10 Hz cutoff 
frequency to prevent any high frequency disturbance from reaching the 
vehicle model 
8. The Summation block adds the disturbance to the average velocity to 
produce the wind input for the vehicle model. 
9. The output is connected to the vehicle model. 
To test the feasibility of this fit and implementation the square root of the 
Davenport power spectrum (Equations 1-3) was overlaid with the magnitude response of 


























Davenport Filter overlay with the Square root 
of the Davenport Power Spectrum 
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